We propose a new low-threshold direct-detection concept for dark matter and for coherent nuclear scattering of solar neutrinos, based on the dissociation of atoms and subsequent creation of color center type defects within a lattice. The novelty in our approach lies in its ability to detect single defects in a macroscopic bulk of material. This class of experiments features ultra-low energy thresholds which allows for the probing of dark matter as light as O(10) MeV through nuclear scattering. Another feature of defect creation in crystals is directional information, which presents as a spectacular signal and a handle on background reduction in the form of daily modulation of the interaction rate. We discuss the envisioned setup and detection technique, as well as background reduction. We further calculate the expected rates for dark matter and solar neutrinos in two example crystals for which available data exists, demonstrating the prospective sensitivity of such experiments.
INTRODUCTION
More than 80% of the matter in our universe is yet to be discovered. This astonishing fact has been established with overwhelming evidence by measurements ranging from sub-galactic to cosmological scale. Yet so far, this so called Dark Matter (DM) has been manifested via gravitational interactions only, and its particle nature remains unknown.
For over three decades there has been an extensive effort to search for DM directly with underground detectors, indirectly with the use of satellites and earth-based telescopes, and at colliders such as the Large Hadron Collider (LHC). To date there is no unambiguous, nongravitational, experimental evidence for DM. Most of the theoretical and experimental effort, however, has been focused on a specific DM paradigm, the Weakly Interacting Massive Particle (for a review, see e.g. [1] ). While appealing, the failure to discover the WIMP suggests that an alternative DM scenario may be at play. The last half a decade has seen significant theoretical progress in this direction, with a particularly motivated candidate being Light Dark Matter (LDM) in the MeV to GeV mass range [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Despite a number of proposals for experimental setups for LDM direct detection over the last years [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , currently almost no experimental opportunities exist to search for such LDM. In this study, we propose a novel experimental technique to directly search for LDM with masses below that of the proton. Our suggested setup will allow to significantly expand the experimental effort beyond current capabilities.
DM direct detection experiments typically search for the small recoiling energy imprinted on a target, such as an atom, as a result of DM scattering. In the absence of an observable signal, an exclusion region in the masscross-section parameter space is derived. To date, the strongest constraint comes from the LUX xenon-based experiment [36] , constraining dark matter in the several GeV to 10 TeV mass range, with the DM-nucleon cross-section bounded to be below ∼ 10 −46 cm 2 at ∼ 50 GeV. An ongoing experimental program will allow to push down this cross-section limit by two more orders of magnitude in the next decade [37, 38] . However, none of the current ongoing experiments can probe significantly below the GeV mass scale.
The main shortcoming of current experiments arises from the search for the elastic recoils of DM off nuclei. With an O(keV) sensitivity to nuclear recoil energies, the suppression due to the target mass does not allow to search for DM much below the GeV scale. Recently, it has been pointed out that searching for inelastic processes may allow to significantly lower the experimental threshold [39] . The specific realization of searching for bond-breaking phenomena has been studied in detail in [40] . In crystals, similar interactions can induce detectable defects which may be searched for. Here we explore the prospects of detecting the formation of defects known as color centers (CCs) following the dislocation of a nucleus within the crystal. These O(10) eV-threshold processes give rise to detectable signals, that should allow an experiment to explore an uncharted region in the parameter space of LDM as well as the low energy region of the solar neutrino spectrum.
An exciting feature of near-threshold excitations in targets with intrinsic anisotropy, is the directional dependence of the interaction rate. Consequently, directional 
Potential cross section sensitivity for 1 kg·year exposure (top and center) and daily modulation (bottom) for the two example crystals considered in this study, assuming a background-free experiment and single defect sensitivity. Both crystals have CCs which have been studied in the literature (see text for details), LiH (left) and MgO (right). Top and center:
The cross section sensitivity, given on the left axes, has been calculated for interactions with both types of nuclei within the crystals. The right axes correspond to the expected event rate per kg·year assuming a DM-nucleon reference cross section of σn = 10 −37 cm 2 . Top panels correspond to FDM(q) = 1, center panels correspond to FDM(q) = (q0/q) 2 with q0 = 100 keV. The orange dotted-dashed curves correspond to the cross section for which one expects the rate of DM events to be equal to that of solar neutrino events for the lighter nucleus in each crystal (H in LiH and O in MgO). Below this line a dedicated neutrino background reduction will be necessary in order to detect DM. The thick orange curve corresponds to the prospective reach of a 100 kg·year experiment for the same targets, following a dedicated neutrino reduction analysis. Black lines / gray shaded regions show nuclear recoil bounds from CRESST II, CDMSLite, SuperCDMS, and LUX. Bottom: Daily modulation has been calculated for the lighter nucleus in each crystal (H in LiH and O in MgO). The modulation is presented as the differential rate normalized by its average for three DM masses, as a function of the angle between the crystal and the Earth's velocity in the galactic rest frame. Solid curves correspond to FDM(q) = 1 while dashed curves correspond to FDM(q) = (q0/q) 2 . The latter show slightly larger modulation due to a stronger dependence on the minimal momentum transfer, except for DM masses very near threshold. Furthermore, lower masses correspond to larger modulations while the total rate is exponentially suppressed with decreasing mass. Modulation of order O(10)'s% is expected for these targets at these masses.
information in the form of a (sub-)daily modulation of the signal is expected, and would present as a striking signature of DM and a strong handle on background reduction.
The minimal cross sections which could be probed for a range of DM masses and for two example crystals considered in this study, with 1 kg·year exposures, are presented in the top and center panels of Fig. 1 . Presented in the bottom panels of the figure is the expected daily modulation, i.e. the expected rates (normalized to their average) as a function of the orientation of the crystal with respect to the Earth's velocity (which, in turn, depends on the time of day and date). The momentum-transfer dependent DM Form Factor (FF), F DM (q), parameterizes the microscopic physics of the DM-nucleon interaction. Other details of these results are given below. Here we stress the prospective two orders of magnitude improvement in DM mass sensitivity and the unique handle of daily modulation.
CONCEPT
Several requirements must be fulfilled in an experiment of the type discussed above, that aims at the discovery of LDM or other feebly-interacting particles:
• Low threshold, typically below few tens of eV, in order to create a detectable defect.
• Background discrimination which allows to differentiate between low-energy (signal) and highenergy (background) events, and between nuclear (signal) and electron (background) recoils, as well as between existing defects and newly formed ones.
• Detection capability of defects. One possibility is the implementation of an enhancement mechanism such that any signal event can be detected multiple times.
Below, we discuss CCs and a possible experimental setup consistent with these principles. CCs are atomic and electronic defects of various types in crystals, which produce optical absorption and emission bands in a spectral region to which the crystal is transparent [41, 42] . These defects occur in crystals such as alkali halides, ionic hydrides, alkaline earth fluorides and oxides. CCs are produced by γ radiation, X-radiation or by energetic particles such as neutrons. One of the most well understood CCs, called F-centers, results from the vacancy of a negatively charged ion at a particular point within an ionic solid. This vacancy attracts and traps one or few electrons and this combination constitutes an F-center. A schematic view of an F-center in LiH is shown in Fig. 2 .
In the context of this study, we propose the use of CC creation as a means to identify the scattering of a feeblyinteracting particle (such as LDM or a neutrino) off an ion within the crystal. The result of the interaction is the transfer of kinetic energy and momentum to the ion. If the energy transfer is large enough, the ion will exit its global potential minimum and create a vacancy which may become a detectable CC.
Many of their properties make CCs ideal for the detection of a single dislocation event in a large volume. CCs live indefinitely at room temperatures and can be detected through their luminescence emission. Due to large oscillator strength, CC detection in a large volume is achievable if they are incorporated within a waveguide crystal rod. Many CCs exhibit low formation energies, of order few tens of eV, allowing for a low threshold experiment. Their nature may allow to differentiate between electronically-and nuclear-induced creation. Furthermore, CCs can be annealed to improve background rejection and effective experimental sensitivity. Finally, the crystal's intrinsic anisotropy allows for the study of signal intensity modulation, which can be used to positively identify signal events and to discriminate against various backgrounds, including the solar and atmospheric neutrino flux.
The study and use of defects in general and CCs in particular is an active field of research. In recent years it has been exploited in many disciplines for the construction of sensitive detectors, (e.g. bolometers with NitrogenVacancy centers in diamonds [43] ) as well as for the study of quantum computing (see e.g. [44, 45] ). Existing techniques, however, use small-volume detection relying on the power of microscopy to probe single defects. Here, we take a step forward and suggest large-volume detection of CCs, which requires alternative methods in order to study creation of single defects.
PROPOSED SETUP
An interacting particle passing through a crystal of the type discussed above may form one or few CCs that can be identified via their absorption and emission properties. We envision a setup that will follow a macroscopic amount of material in pure crystal form, performing a counting experiment of defects of one or more kinds with adequate spatial and temporal resolutions. The goal of the experiment is to identify the production of a single or very few CC sites, over the background of existing sites and instrumental noise. An illustration of such a setup is shown in Fig. 3 . The crystal detector is composed of an array of light-guiding rods, imaged by a high efficiency, high resolution array of photon counters such as SiPM, or SCMOS cameras. The exciting beam is enhanced inside the rods, while a notch filter blocks the excitation and allows the luminescence to reach the photon counter array. The use of separate rods, which are imaged individually, provides smaller imaged volumes. This translates to lower background for a single CC generation event and also allows for natural spatial resolution and multiple scattering identification.
Quantitatively, an excitation beam of a ∼ 1 W CW laser inside the cavity, built such that the intensity inside the rods is tenfold higher, leads to an estimated 10 5 photons detected per single CC site for a 10-15 min exposure 1 . This relies on realistic estimates of intensities,
1 Assuming 100% quantum efficiency for light emission, the number of fluorescence photons detected, N, over a photon counting period, ∆t, is given by, N = R×∆t×η det ×Ω collect . Here R is the CC excitation rate, η det is the quantum efficiency of the light detector, and Ω collect is the light collection efficiency. For typical numbers of the system (photon flux, Φ = 10 21 cm −2 s −1 , ablifetimes, detection efficiency and cross sections for excitation. A detection limit of about one site in 10 5 background sites in a single rod during that time period is thus inferred (at 1σ). The choice of rod size and aspect ratio, as well as exposure details, will be based on the achievable defect cleanliness and exact properties of the spectroscopy. Consequently, it is expected that the number of CCs produced in a measurement window can be estimated with high accuracy. The outcome of the experiment will be the differential rate of multiple CC production, where the number of produced CCs is plausibly correlated with the deposited energy in a given scattering event. Experimental and theoretical studies of such 5 correlations are in need and will be presented in future publications.
Multiple pairs of excitation and emission wavelengths can be used, with a more complex optical setup, which would provide another handle on the microscopic interaction. For example, sensitivity to different CCs produced by the displacement of different nuclei would allow to better identify the DM mass and DM-nucleon formfactor (related to the mediation scheme of DM to the visible sector), thereby enhancing the sensitivity to the DM parameter space. A better handle on recoil energy spectrum may also be gained via measurement of production of different CCs with varying thresholds, within a given crystal.
Intrinsic properties of CC production and crystal symmetries lead to a dependence of the threshold energy on the direction of recoil relative to the crystal axis. This can be exploited for directional information and thus for background reduction. Measurement of any modulation of the signal may also contribute to the knowledge regarding the properties of the LDM. Specifically, the modulation properties depend on the absolute interaction rate, the mass and the interaction type of the LDM particle (detailed discussion below).
Backgrounds
A major concern with rare event detectors is the background. We divide these into three major categories:
Existing defects: Crystals, even in the purest form, contain defects of many kinds. Some are chemical impurities while others are structural defects from production or past radiation interactions. These can potentially mimic the desired signal. The choice of specific wavelengths for emission and absorption, filters most of this background noise. However, as commercial manufacturing typically does not provide guaranties for defect concentration lower than 10 −9 , it is expected that the concentration of relevant sites in virgin crystals will be much higher than that required for a running DM detector. A solution is annealing of the crystals in a low background environment by gradually heating to high (up to ∼1000
• C) temperature. This allows for the curing of a large fraction of these defects [46] .
Radiogenics: Current DM direct detection experiments constantly battle radioactive background sources which in many cases are the limiting factor for the physics reach. For CC production at low energies, this focus is somewhat different since direct production of a single, relevant CC by incident α, β or γ radiation is strongly suppressed in the bulk, as the resulting high energy deposit can easily be detected through the almost simultaneous production of a large number of defects of various kinds. An exception is the nuclear, coherent Thomson scattering of γ on nuclei. However, this is expected to be extremely suppressed in comparison to Compton scattering [47] and is unlikely to present an experimental challenge for the exposures discussed here. This leaves neutrons as the single most challenging radiogenic background. Neutrons can be dealt with by hydrogen rich passive shielding and possibly by an active neutron veto, e.g. a boronated scintillator surrounding the detector enclosure. Similar geometry experimental setups such as CDMS-II [48] (121 kg·day) have succeeded in efficiently removing this type of background.
Cosmogenics: Solar neutrinos scattering off nuclei are an irreducible background. However, these exhibit (a) very low interaction rates which will only become relevant at exposures above ∼ 10 − 100 kg·years, integrated over the entire energy spectrum (details below) and (b) a first ever detection of neutrino-nucleus coherent scattering for most of the solar spectrum. Apart from neutrinos, muons arriving at an underground lab can pass through the detector or induce showers of energetic particles. These will have to be screened by an external active muon veto as is customary in many other DM direct detection experiments, e.g. [48] .
PHYSICS PROSPECTS
DM-nucleus or neutrino-nucleus scattering can be thought of classically, as a two-step process. Initially, the weakly interacting particle scatters with the nucleus, transferring some momentum q, followed by the subsequent escape of the nucleus from its potential well. The first step occurs on a timescale much shorter than the timescale for the escape of the nucleus. Therefore, the interaction itself can be decoupled from the rest of the process and its outcome can be thought of as a nucleus sitting at the origin with some initial momentum q. Since this is a many body system, as the nucleus moves, it scans the potential in a directionally dependent manner, losing energy to dissipation as it interacts with the time dependent potential. This process depends both on the direction and the absolute value of q and results in either the dissociation of the nucleus from the initial minimum of the potential or relaxation back to the initial state. For the crystals we have in mind, the entire process is well approximated by a classical solution [40] 2 , and therefore in what follows we calculate the scattering rates treating the system classically. The DM-nucleus scattering rate is given by (see Appendix for details),
where
is a coherence factor which depends on the atomic (Z) and mass (A) numbers of the target and the coupling strengths of the interacting DM to the proton (f P ) and neutron (f N ). Furthermore, N T is the number of target nuclei, ρ χ and m χ are the DM density and mass respectively, µ χn is the reduced mass of the DM-nucleon system and f (v) is the velocity profile of DM in the Milky-Way halo (see e.g.
[49]) where we adopt v 0 = 230 km/s, v Earth = 240 km/s, and v esc = 600 km/s. The function F DM (q) is the DM form factor which encodes information about the DM-target interaction (see discussion in [40] ) such that σ n · |F DM (q)| 2 is the DM-nucleon interaction cross section. With this definition,σ n is the DM-nucleon interaction cross section for f P = f N = 1, at some reference momentum transfer value, q 0 , which we take to be q 0 = 100 keV.
The function q min (q, ϕ q , v, ϕ c ) is the minimal value of momentum transfer which is required in order to dissociate the nucleus in a given direction. Its target-dependent values depend on the direction of q with respect to the orientation of the crystal. This direction in turn depends on the kinematics of the interaction and the orientation of the crystal with respect to the incoming DM wind. The angle ϕ c defines this orientation with respect to the Earth's velocity in the galactic rest frame. The angle between the velocity vector of the incoming DM, v, and the momentum transfer, q, is set by their absolute values, v and q respectively. The momentum transfer is still free to rotate around the axis defined by v, where this angle of rotation is denoted by ϕ q . Thus, the direction of momentum transfer is a function of the variables q, ϕ q , v and ϕ c . After integration over the first three of these, the final result for the interaction rate depends on ϕ c . This presents itself in the form of a daily modulation of the rate. A detailed discussion can be found in the Appendix.
We note that the rate given in Eq. (1) is that for creating a dislocated nucleus within the crystal and not for the creation of a specific defect type. For any target, there are expected to be multiple possible defects created following a momentum kick to a nucleus. The creation of a specific defect depends on the momentum transfer vector (and possibly on other effects), thus, since the rate above has been calculated after integration over the entire momentum spectrum, it should be thought of as the integrated rate for the creation of all possible allowed defects.
To demonstrate our results we consider two crystals, MgO and LiH, with CCs which have been studied in the litariture [50, 51] . For both crystals, we consider the dislocation of both ions within the crystals. These examples give intuition for expectations from a wide range of masses and potentials. Both crystals exhibit average binding energies of order 10's of eV and target masses which range from few to O(10) GeV. The optimal choice of crystal depends on the mass and cross section of the LDM. Light target nuclei reduce the DM mass threshold while heavier targets amplify the interaction cross section due to a coherent enhancement of the interaction rate. Small binding energies reduce the DM mass threshold. For these reasons a crystal such as LiH is expected to be ideal for detection of extremely light DM down to ∼ 20 MeV. If DM is heavier, other crystals may be more suitable in order to enhance the cross section. Studying F-centers induced by the dislocation of both atoms within a crystal thus greatly broadens the sensitivity to the DM parameter space.
For each crystal, we model the function q min as,
where n θ , n ϕ parametrize the periodicity of the crystal and a is the amplitude of the variation of the binding energy. The value m 1 is the mass of the nucleus undergoing the interaction and ∆E B is the mean binding energy of the m 1 ion to its site. The solid angle Ω q corresponds to the direction of q and is evaluated in a coordinate system which is fixed to the orientation of the crystal target. As discussed above, this angle is a function of q, ϕ q , v and ϕ c (see detailed discussion in the Appendix). For both crystals considered in this study we take n θ = n ϕ = 4, which is the case for a cubic crystal.
Most defects have been studied for only a small number of directions of momentum transfer to the nucleus. We take conservative estimates of ∆E B and of a such that the minimal values of q 2 min /2m 1 are always larger than the minimal values of binding energy found in the literature. Thus, our results are at best underestimations of the rate. Specifically, for MgO we choose ∆E B as the mean value of binding energies found in the literature [50] and choose the value of a such that the minimal q min is always larger than the minimal value which has been measured. For LiH, theoretical values of formation energies have been calculated for the creation of F-center defects as well as Schottky defects, where the values for the latter are in agreement with experiment [51] . Here we assume the same approximate value of a as in MgO and choose ∆E B such that the minimal value of q min is twice as large as the calculated formation energy for F-centers (this accounts for a possibly large potential barrier). All values are presented in Table I . MgO ∆EB,Mg = 55 eV aMg = 0.4 [50] ∆EB,O = 50 eV aO = 0.4 [50] LiH ∆EB,Li = 9 eV aLi = 0.4 [51] ∆EB,H = 9 eV aH = 0.4 [51] In the top and center panels of Fig. 1 we present the expected average cross section reach assuming zero background, and the event rate assuming a reference cross sectionσ n = 10 −37 cm 2 , for the two reference crystals, with a 1 kg·year exposure and F DM (q) = 1 or F DM (q) = (q 0 /q) 2 (see [40] for motivation for these choices). We calculate the rate of site formation and assume that electron occupation is spontaneous and immediate. We also assume the (analysis related) maximal value of momentum transfer to be q max = 10 2m 1 ∆E B (1 + a). We find that with 1 kg·year, an LiH crystal can potentially probe DM-nucleon cross sections down to ∼ 10 −42 cm 2 are somewhat less sensitive than for F DM (q) = 1, however this is partly due to the fact that we have chosen q 0 = 100 keV for all targets, while this is an underestimation of the typical momentum transfer for the heavier targets which probe larger DM masses. Finally, the dotted-dashed orange curves in these panels correspond to the cross section for which solar neutrino reduction becomes important, defined as the cross section for which the DM rate equals the total rate of solar neutrino events. The thick orange curves correspond to the projected sensitivity after solar neutrino background reduction for a 100 kg · year exposure (see discussion below). Also shown in the figures in shaded grey are the bounds derived from current nuclear recoil experiments, namely CRESST II [52] , CDMSLite [53] , SuperCDMS [54] , and LUX [55] .
In the bottom panels of Fig. 1 , we present daily modulation of the rate for interactions with H in LiH and with O in MgO. Plotted in the figure is the differential rate ∂R/∂ϕ c , normalized to the mean differential rate, as a function of ϕ c , which is proportional to the time of day. Solid curves correspond to the trivial DM FF, F DM (q) = 1 while dashed curves correspond to F DM (q) = (q 0 /q) 2 . For a given DM mass, modulation occurs mainly in the low energy part of the recoil energy spectrum. Thus, DM masses whose spectrum is dominated by low energies (of order the binding energy) present larger modulation. Also, for F DM (q) = (q 0 /q) 2 , modulation is slightly larger than for F DM (q) = 1, since for the latter case the result is dominated by the maximal momentum transfer in the integral while for the nontrivial DM FF, the integral is dominated by the minimal allowed, ϕ c dependent, momentum transfer. This effect becomes less important close to mass threshold (details given in the Appendix). It should also be noted that as the DM mass is lowered, the total rate becomes exponentially suppressed. Therefore, larger modulations correspond also to lower total rates. The periodicity of the modulation depends on the periodicity of the binding potential as can be seen in the figure.
Neutrino Scattering
Neglecting quantum corrections (i.e. the target form factor) the inelastic spin-independent 3 neutrino-nucleus cross section is,
and the differential dissociation rate is,
where E ν is the incoming neutrino energy, ∂F/∂E ν is the differential neutrino flux, and N T is the number of targets in the system as before. The angle ϕ s corresponds to the direction of the incoming neutrino flux with respect to the target (see Appendix for details) and ϕ c is as above. For the case of Solar neutrinos, the angle ϕ s corresponds to the direction of the Sun, and the differential rate will depend on both variables ϕ s , ϕ c . Daily modulation for the case of Solar neutrinos is small, since these typically have energies (and corresponding energy transfers) much larger than the binding energies of nuclei within the lattice. The small daily modulation that does occur will have an annual phase change which depends on ϕ s . In Fig. 4 we present the predicted solar neutrino spectra for H in LiH and for O in MgO. The solar pp spectrum is pronounced for the lighter target and is the main contribution to the low energy spectrum. Thus, a target material such as LiH may allow for a first measurement of the pp spectrum via coherent nuclear scattering. For an exposure of 1 ton·year, the total number of events Each labelled colored curve marks the contribution from one of nine families of solar neutrinos. Light targets pronounce the low energy part of the spectrum, namely the pp neutrinos. The total number of events is ∼ 380 events/ton/year for H in LiH (of these ∼ 190 events result from the pp spectrum) and ∼ 180 events/ton/year events for O in MgO. The result for H has been calculated with both the spin independent and the spin dependent contribution to the neutrino-nucleus cross section.
is ∼ 380 events/ton/year for H in LiH (with ∼ 190 of these events resulting from the pp-neutrino spectrum) and ∼ 180 events/ton/year events for O in MgO. For the DM detection discussed above, solar neutrino reduction becomes important approximately at DM-nucleon cross sections for which the number of DM events is equal to the number of neutrino events. The orange dotted-dashed curves in the top and center panels of Fig. 1 corresponds to this cross section (for the lighter nucleus in each crystal). This curve is exposure independent since both the DM and neutrino rates scale with exposure. Approximately at this line and below, a dedicated background reduction is necessary in order to claim a potential DM discovery. Following [56] , we have calculated the maximum reach for the DM-nucleon cross section for an experiment with a 100 kg·year exposure, shown by the thick orange curves in the top and center panels of Fig. 1 . Features in these curves correspond to DM masses whose spectra happen to mimic a certain contribution to the solar neutrino spectra. For these masses, the uncertainty in the event rate may become dominated by the uncertainty in the neutrino flux and the reach begins to saturate with growing exposure (the neutrino family which dominates the uncertainty at each DM mass is shown within the thick orange curve in the figure) . The so-called neutrino floor for this class of experiments is reached only at extremely large exposures and is therefore not presented in the figures.
CONCLUSIONS
We have proposed a new ultra-low threshold technique for the direct detection of DM a light as ∼ 20 MeV. Our proposed setup will also be sensitive to the low energy spectrum of solar neutrinos, including the pp-neutrino spectrum. If measured, this would be the first ever measurement of coherent nuclear scattering of the pp spectrum. We expect the detection of single defects in a macroscopic bulk of target material to be possible, and that the relevant backgrounds to be controllable. Such an experiment also features directional information which present in the form of daily modulation of the signal. Measurement of the modulation will provide a handle on background reduction and possibly information on the DM parameters. For an exposure of 1 kg·year, one could probe DM-nucleus cross-sections down to ∼ 5·10 −43 cm 2 for a trivial DM form factor, and masses in the O(10) − O(100) MeV range, depending on the target material. For this exposure, the number of solar neutrino events is expected to be 1, so that detection of solar neutrinos requires larger exposures.
Note Added. While this paper was being completed, ref. [57] appeared, where a similar study of the daily modulation in crystals was discussed.
APPENDIX
The physics involved in scattering of a weakly interacting particle with a nucleus within a crystal lattice is somewhat similar to that described in [40] . However, for the case of a scattering within a lattice, since the potential is not spherically symmetric, the outgoing nucleus follows a non-trivial path as it exits its binding potential, losing part of its energy to dissipation. The corresponding path depends on the direction of the momentum transfer and on its absolute value. Therefore, calculating the rate as a function of the binding potential is inconvenient. An alternative is to discuss the minimal recoil energy or equivalently the minimal momentum transfer, which is a function of the direction of the momentum transfer only,
where Ω q is the direction of q in the rest frame of the target crystal (this frame is denoted with a single prime).
The directionally-dependent minimal energy follows from calculating the classical path for a dissociated nucleon initially at the potential minimum, after receiving a momentum kick. Each classical path takes into account the dissipative multi-scattering process and can be mapped to such a minimal recoil energy.
As was shown in [40] , the dissociation rate depends only mildly on the form of the binding potential and is almost solely dependent on the binding energy, as long as the initial wavefunction is sufficiently localized around the origin. Furthermore, quantum corrections become small when,
where ∆p is the typical momentum spread in the nucleus' initial state. Since the typical uncertainty in the position of the nucleus is of order the Bohr radius, it follows that ∆p ∼ αm e . Therefore, for most targets a classical approach is sufficient.
DM-Nucleus Scattering Rate for Crystal Targets
Classically, the average differential DM-nucleus interaction cross-section is,
] with A and Z the mass and atomic numbers of m 1 , f P (f N ) is the coupling strength to the proton (neutron), µ χn is the reducedmass of the DM-nucleon system and F DM (q) is the DM form factor [40] . Setting the values of q and v sets the angle between them (this follows from energy conservation) according to,
The angle ϕ q defines the rotation of q around v with c θ fixed.
In order to calculate the differential interaction rate, one must integrate over all possible values of the DM velocity vector, v, and over the angle ϕ q . This should be done in a coordinate system which is fixed to the rotation axis of the Earth, since this direction is fixed throughout the day. It is convenient to define three coordinate systems, illustrated in Fig. 5 , in order to perform the calculation:
• The Earth Frame whose z axis is parallel to the Earth's rotation axis and is fixed to the galactic rest frame. This system is denoted (x, y, z) and is shown in black in the figure.
• The Lab Frame whose z axis is parallel to z and the x axis is fixed to some orientation within the crystal target. This system is denoted (x , y , z ) and is shown in orange in the figure.
• The DM Velocity Frame whose z axis is parallel to the direction of the initial DM velocity. This system is denoted (x , y , z ) and is shown in purple in the figure.
With these definitions, the x axis (the crystal orientation) rotates around the z axis with an angle ϕ c which has a period of one day, the angle ϕ q is well defined in the DM Velocity Frame (see Fig. 5 ) and the DM velocity profile has a simple form in the Earth Frame. The kinematically allowed range of momentum transfer is,
The second inequality sets either an upper limit on q or a lower limit on v, while the first inequality is a lower limit on q defined by the shape of the binding potential and which depends on the direction of q in the Lab Frame, Ω q . This direction is a function of the variables Ω q = Ω q (q, v, ϕ q , ϕ c ). Therefore, after integrating over v and ϕ q , the differential scattering rate has an explicit ϕ c dependence and is given by,
where f (v) is the velocity distribution of DM [49] and the integral over v has a minimum at v min (q) = q/2µ χ1 . between the x 0 axis and the x axis (between the Crystal e dependent according to,
y angle with a subscript that defines which vector the angle oordinate system in which the angle is defined.
en the Earth Frame and the Crystal Frame, 9) nd the Earth Frame, • (x 00 , y 00 , z 00 ): The z 00 axis is parallel to the direction of the initial velocity of the DM par and the y 00 axis is chosen to be in the xy plane (or equivalently the x 0 y 0 plane) such that angle between the x 00 axis and the z direction is ⇡/2 for all direction of v. This wi referred to as the "DM Velocity Frame".
With this set of definitions, the angle between the x 0 axis and the x axis (between the Cry Frame and the Earth Frame), ' c , is time dependent according to,
In cylindrical coordinates we denote any angle with a subscript that defines which vector the a belongs to a primes which define the coordinate system in which the angle is defined.
The following relations exist between the Earth Frame and the Crystal Frame,
and between the DM Velocity Frame and the Earth Frame,
We can write the vector q in the DM Velocity Frame,
We can write the vector q in the DM Velocity F
period of one day. Since the direction of q with respect to the crystal depends on the absolute value of q, on the velocity vector and on the orientation of the crystal, the q direction can be written as a function of the variables ⌦
q , ' c ). Thus, Eq. (9) can be rewritten in the form of Eq. (1) with an explicit ' c dependence.
Neutrino-Nucleus Scattering Rate for Crystal Targets
The di↵erential neutrino-nucleon, neutral current cross-section is given by,
where E ⌫ is the energy of the incoming neutrino, G is the Fermi constant and the angle ' The Earth Frame (x, y, z) whose z axis is parallel to the Earth's rotation axis and is fixed to the galactic rest frame. Orange: The Lab Frame (x , y , z ) whose z axis is parallel to z and the x axis is fixed to some orientation within the crystal target. Purple: The DM Velocity Frame (x , y , z ) whose z axis is parallel to the direction of the initial DM velocity. The x axis (the crystal orientation) rotates around the z axis with an angle ϕc which has a period of one day. The angle between q and v depends on their absolute values. With this angle fixed, q is still free to rotate around the v direction, defined by the angle ϕ q , which must be integrated over in order to calculate the interaction rate.
The amplitude of the daily modulation of the signal can be understood by noticing that the total rate has a dependence which scales differently for the two DM FFs we have considered. Namely, the scaling is, (11) where all the ϕ c dependence is within q min and the maximal momentum transfer is either a cutoff depending on the experimental setup or a maximum of q max = 2µ χ1 v max (v max is the maximal DM velocity). Thus, close to DM mass threshold, when q min ≈ q max , the modulations dependence on F DM (q) vanishes, while for q min < q max , modulation for F DM (q) = (q 0 /q) 2 is enhanced with respect to the trivial DM FF.
The differential neutrino-nucleon, neutral current cross-section is given by,
where E ν is the energy of the incoming neutrino, G is the Fermi constant and the angle ϕ q now defines the rotation of q around the direction of the incoming neutrino (z in the double prime coordinate system now points in the direction of the propagation of the incoming neutrino). The parameters G V , G A are the vector and axial contributions to the hadronic current, respectively. These can be parameterized as,
where Z (N ) is the number of protons (neutrons) and Z ± (N ± ) are the number of protons (neutrons) with spin plus or minus. For our purposes, the form factors F V /A nuc (q 2 ) are just unity, since the momentum transfer is typically small. The appropriate values of the coefficients g p V , g n V , g p A , and g n A can be found in [58] . The kinematically allowed range of momentum transfer is now,
with the single prime coordinate system defined as before. Thus, the differential scattering rate for coherent neutrino-nucleus neutral current interactions is,
where ∂F/∂E ν is the differential neutrino flux.
The solid angle Ω q now depends on the same parameters as in the DM case, except that the dependence on DM velocity can be translated to a dependence on the value of the incoming neutrino energy and the direction of its propagation. For the case of Solar neutrinos, this just depends on the direction of the Sun. Taking the directionx to be the Ecliptic North Pole and −ẑ to be the direction of the Sun, defines the direction from which the neutrino hits the detector, ϕ s , (which is the angle of rotation ofẑ aroundx ) and can be evaluated in the coordinate system of the target. Therefore, the q direction can be written as a function of the variables Ω q = Ω q (q, E ν , ϕ q , ϕ s , ϕ c ). Thus, Eq. (15) can be rewritten in the form of Eq. (4) with an explicit dependence on ϕ s and ϕ c .
